The breakdown of tip leakage vortex has bee n investigated on a low-speed axial compressor rotor with moderate blade loading.
INTRODUCTION "Vortex breakdown" or "vortex bursting" is a well-known phe nomenon widely observed in streamwise slender vortices in external vortical flows and internal swirling flows, for example leading edge vortices over delta wings, swirling jets in combustion chambers, and Japan swirling flows in draft tubes of hydraulic turbines and cyclone separa tors. For the last four decades, practical importance of the vortex breakdown has yielded a large number of experimental and theoretical studies which have been reviewed by Hall (1972) , Leibovich (1978 Leibovich ( , 1984 , Escudier (1988) and Delery (1994) . These studies show that two types of vortex breakdown (bubble and spiral types) can be distin guished, that the occurrence of breakdown brings about rapid expan sion of the vortex, substantial changes in its velocity fi eld and large scale flow fluctuations, and that major flow parameters influencing the breakdown are the adverse pressure gradient in the streamwise direc tion and the swirl intensity of the vortex. In spite of the extensive research, the mechanism of vortex breakdown still remains one of unresolved and intriguing problems in fluid mechanics. However, the existence of a stagnation point on the center line of vortex structure is universally accepted as a distinctive feature of the vortex breakdown.
It is well known that compressor rotor performance is aff ected signifi cantly by tip leakage flow. Behavior and structure of the tip leakage flow have bee n investigated by experimental and computa tional research work. Its nature is characterized by rolling-up of a shear layer between leakage jet and main stream. The rolling-up forms a streamwise slender vortex, a so-called tip leakage vortex, in the same manner as the leading edge vortices over delta wings. It is no wonder that the vortex breakdown would occ ur in the tip leakage flow fi eld under some circumstances. However, no one turned his attention to the occurrence of the leakage vortex breakdown until it happened to be found out at the same time by Furukawa et al. (1997) and Schlechtriem and Lotzerich (1997) . Although much progress has been achieved in research on the tip leakage flow, all facets of the leakage vortex break down have gone unnoticed. Schlechtriem and Lotzerich (1997) detected the leakage vortex breakdown caused by a sudden deceleration across a passage shock in a transonic axial compressor rotor at near-stall conditions. They pointed out that a blockage resulting from the breakdown had a major impact on stall. Meanwhile Furukawa et al. (1997) found out that the � .. 0. 8 'rt,.,,,. ..... ' 1;111 ' ff t rt tr ,,,,,.,.,,.,,.' leakage vortex breakdown occurred even at a design point for a low speed diagonal compressor rotor with high blade loading. They showed that the breakdown gave rise to substantial changes in the behavior of the tip leakage flow: no rolling-up of the leakage vortex downstream of the rotor, disappearance of the casing pressure trough at the aft part of the rotor passage, large spread of low-energy fluid in the leakage flow. The leakage vortex breakdown has just begun to be studied. The present study deals with the breakdown of the tip leakage vortex in a low-speed axial compressor rotor with moderate blade loading. The onset of breakdown, its growth at near-stall conditions and its role in characteristic of the rotor performance are investigated by Navier-Stokes flow simulations with a high-resolution upwind scheme based on a TVD formulation.
BACKGROUND
Formation of the tip leakage vortex can be clearly observed in a phase-locked velocity field just downstream of a low-speed axial com pressor rotor (Inoue et al., 1986) and in a phase-locked pressure field on a casing wall (Inoue and Kuroumaru, 1989) (Inoue et al., 1990 . Figures 1 and 2 show secondary flow vectors and relative kinetic energy defect distributions (Inoue et al., 1990) measured just downstream of the low-speed compressor rotor by a hot wire for design and near-stall operating conditions. The rotor has a moderate blade loading and is the same as one investigated in the present study. For the design operating condition the rolling-up of the leakage vortex and the accumulation of the low-energy fluid around the vortex are readily seen near the casing. On the other hand, for the near-stall condition there is not a rolling-up of the vortex, but an out ward radial flow in the secondary flow field near the casing ( Fig. l(b) ). Figure 2 (b) indicates that for the near-stall condition spread of the low energy fluid accumulating on the casing is so larger that it extends to about 40 percent of span from the casing. This large spread of the low energy fluid implies a significant growth of the casing wall boundary layer. However, it seems that flow separation on the suction surface near the blade tip does not occur in spite of the near-stall condition, Inoue et al. (1991) considering that the low-energy fluid near the casing accumulates on the pressure side and that width of the blade wake near the tip is not so thick as to indicate the occurrence of local flow separation on the blade.
Figures 3 and 4 show phase-locked distributions of the casing pressure field measured in the same rotor as Figs. 1and 2 . For the design operating condition a pressure trough extends from the minimum pressure region close to the blade suction surface to the rotor exit as shown in Fig. 3(a) . It is evident that the pressure trough corresponds to a trajectory of the tip leakage vortex (Inoue and Kuroumaru, 1989) . Figure 4 (a) indicates that there is a high pressure fluctuation region along the pressure trough which is the effect of the peripheral swaying of the leakage vortex (Inoue and Kuroumaru, 1984) . Meanwhile, for the near-stall operating condition shown in Fig. 3(b) , the pressure trough formed.near the leading edge decays in the streamwise direction, disappearing at the aft part of the passage. Moreover, it is observed in Fig. 4 (b) that a highly fluctuating pressure field appears across the fore part of the passage and has the highest fluctuation near the pressure side.
It is found that the behavior of the tip leakage vortex near stall is substantially different from that at the design point: no rolling-up of the vortex downstream of the rotor, the outward radial flow in the leak age flow field downstream of the rotor , the large spread of the low energy fluid in the leakage flow and disappearance of the casing pres sure trough at the aft part of the rotor passage. The behavior is very similar to that observed in a diagonal flow compressor rotor with high blade loading where the breakdown of the leakage vortex occurs at the aft part of the passage (Furukawa et al., 1997) . Recently, Lakshminarayana et al. (1995) have also observed no rolling-up of the leakage vortex and the outward radial flow in a leakage flow field downstream of an axial compressor rotor for the peak pressure rise operating condition. To investigate what causes the behavior of the leakage vortex at near-stall conditions, we have carried out the present numerical study. 
TEST COMPRESSOR ROTOR
The present investigation was performed on the low-speed iso lated axial compressor rotor. In previous studies tip leakage flow fields behind and inside the rotor were measured at the design operating con dition by Inoue et al. (1986) , and Inoue and Kuroumaru (1989) . At near-stall conditions the behavior of the tip leakage flow (Figs. I, 2 and 3) and statistical characteristics of the casing wall pressure fluctuation ( Fig. 4) were investigated experimentally by Inoue et al. (1990 Inoue et al. ( , 1991 .
The test compressor stage has the design flow coeffi cient tP (mean axial velocity divided by rotor tip speed ) of 0.5 and the design total pressure rise coefficient l/f (total pressure rise divided by dynamic pressure corresponding to rotor tip speed ) of 0.4. The hub/tip ratio of the rotor is 0.6, with the blade tip diameter of 449 mm. The rotor blade has NACA 65 series profile sections designed by free vortex operation with an axial inlet flow condition, and the number of blades is 12. The blade tip section has the solidity of 1.0 and the chord length of 117.5mm. In the present study the blade tip clearance 1' is 2.0 mm (1.7 percent of tip chord). Details of aerodynamic design parameters of the rotor are given in the previous paper of Inoue et al. (1986) .
NUMERICAL SIMULATION METHOD

Numerical Scheme
In numerical flow simulations performed for the present study, the compressible Navier-Stokes equations were solved by an unfactored implicit upwind relaxation scheme (Furukawa et al., 1992 . The numerical method used is outlined in the following.
The three-dimensional, Reynolds-averaged Navier-Stokes equa tions were discretized in space using a cell-centered finite volume for mulation and in time using the Euler implicit method. To sharply capture the tip leakage vortex near the casing wall, the inviscid fluxes were evaluated by a high-resolution upwind scheme based on a TVD formulation (Furukawa et al., 1991; Inoue and Furukawa, 1994) where a Roe's approximate Riemann solver of Chakravarthy (1986) and a Downloaded from https://asmedigitalcollection.asme.org/GT/proceedings-pdf/GT1998/78620/V001T01A054/2410463/v001t01a054-98-gt-239.pdf by guest on 04 November 2019 solvers for turbomachinery problems, however, are based on artificial dissipative schemes in which the inviscid terms are discretized in cen tral differencing manners with artificial dissipation terms. According to studies on the application of high-resolution upwind schemes to the Navier-Stokes equations by van Leer et al. (1987) , and Swanson and Turkel (1993) , it is found that built-in numerical dissipation terms for the high-resolution upwind schemes using Riemann solvers automati cally become much smaller in boundary layers than those for the artifi cial dissipative schemes. This means that the high-resolution upwind schemes do not contaminate the boundary-layer velocity profile. It should be realized that the high-resolution upwind schemes based on the Riemann solvers have excellent shear-layer capturing capability as well as shock-wave capturing one. In the present scheme, the viscous fluxes were determined in a central differencing manner with Gauss's theorem, and the algebraic turbulence model of Baldwin and Lomax (1978) was employed to estimate the eddy viscosity. The boundary layer transition was determined in accordance with an original crite rion of transition in the Baldwin and Lomax model. Unfactored implicit equations derived with no approximate factorization were solved by a point Gauss-Seidel relaxation method. The present scheme was stable up to a Courant number of about 100.
Computational Grids
A composite grid system with structured H-type grids was used to simulate the tip leakage flow field . accurately. A computational domain was divided into two zones. One zone was a main flow region outside the blade tip clearance, and the other was the tip clearance region. In each zone a structured H-type grid was generated as shown in Fig. 5 . The main grid consisted of 80 cells in the streamwise direc tion (52 cells on the blade), 96 cells in the spanwise direction, and 64 cells in the pitchwise direction. In order to sharply capture the tip leakage vortex, the grid resolution near the casing was kept high even in the midpitch region, as seen in Fig . embedded in the blade tip clearance consisted of 52x 32x 16 cells in the chordwise, pitchwise and spanwise directions, respectively. The whole grid system had 518,144 cells. The ratio of the minimum grid spacing on solid walls to the blade tip chord length was under 5 x w-5 to evaluate the viscous fluxes at the walls by applying the no-slip and adiabatic conditions with no wall function method. This minimum grid spacing gave y+ � 1 at the walls.
Boundaey and Computational Conditions
Boundaries of the computational domain are fonned by cell interlaces in the cell-centered finite volume approach. Hence, the boundary conditions must be imposed by the fl uxes through the boundaries. In the present scheme, fictitious cells were introduced just outside all the boundaries, and values of conserved variables satisfying boundary conditions were given at the fictitious cells. Using the ficti tious cells, numerical fl uxes through the boundaries were evaluated in the same way as interior cell interlaces. This treatment of the bound ary conditions prevented nonphysical reflections at the inflow and out flow boundaries, because the inviscid fluxes through the boundaries were evaluated acco rding to the approximate Riemann solver in which the signal propagation properties of the Euler equations were simu lated. Details of the boundary conditions can be found from the previ ous study of Furukawa et al. (1995) .
The inflow boundary conditions were given by experimental results measured upstream of the rotor using a 5-hole cobra probe (Inoue et al., 1986) . The inlet boundary layer on the casing wall had a thickness of 6 mm and a displacement thickness of 0. 7 mm. The thick ness of the casing wall boundary layer is larger than the blade tip clear ance of 2 mm.
The outflow boundary conditions were prescribed in a mann er similar to that of Ayder and Van den Braembussche (1994) using a static pressure given at one reference point of the outflow boundary and the flow solution at interior cells adjacent to the outflow boundary.
It should be noted that the outflow boundary conditions implemented in the present scheme allowed the pressure to vary on the boundary accordi ng to eff ects of streamline curvature and swirl. The pressure at the reference point was adjusted in the iterative procedure of the com putation so that the total flow rate imposed would be satisfied. The numerical simulations were carri ed out at flow conditions ranging from the design flow rate of; = 0.5 to a low flow rate of; = 0.35.
Validity ot Numerical Slmulatlon
The present scheme has been already applied to calculations of steady transonic cascade flows (Furukawa et al., 1991) , an unsteady flow induced by the trailing edge_ vortex shedding in a transonic tur bine cascade (Furukawa et al., 1992 ) and a three -dimensional flow in a diagonal flow compressor rotor . In these pre vious studies the validity of the scheme has bee n presented by compar ing numerical results with experimental ones.
To show the validity of numerical simulations perlormed in the present study, computational and experimental results at the design flow rate ( ; = 0.5) are presented in Fig. 6 . In the figure tangentially averaged flow properties downstream of the rotor are shown, and the abscissa denotes the nondimensional distance from the hub wall. Agreement between computational and experimental results is good except the vicinity of the hub wall. The discrepancy in the hub region may be due to the relatively low grid resolution in the spanwise direc tion near the hub; on the other hand the discrepancy in the tip region is not so large that it must be considered an eff ect caused by a difference in the tip leakage vortex structure between the computational and experimental results. A computational result of the casing wall pres sure distribution which will be presented later for the design operating condition in Fig. 7 agree s well with the experimental result shown in Fig. 3(a) . It is clearly seen that the pressure trough corresponding to the leakage vortex trajectory is well captured in the computation. This 5 implies that flow phenomena near the casing are correctl y simulated. Consequently, the tip leakage flow field inside the rotor can be investi gated by analyzing the numerical results in detail.
VISUALIZATION TECHNIQUES FOR IDENTIFYING VORTEX BREAKDOWN
The tip leakage flow field in the rotor is highly complicated, in which the leakage vortex interacts with the nonuniform main flow and .
the. boundary layer on the casing wall having a motion relative to the rotor. To understand the complicated flow field numerical solutions are visualized by three-dim ensional computer graphics. It is not easy to detect the vortex breakdown in the tip leakage flow field only using conventional visualization techniques such as three -dimensional parti cle traces in a computational space or contour plots on computational surlaces. It should be noted that particle traces from a region of "vor tex core" are crucial to identification of the vortex breakdown. If one does not determine a location of the tip leakage vortex core, which forms a part of numerical solution and is not known in advance, a suf ficient number of particle traces must be emanated from appropriate locations corres ponding to the vortex core by trial and error. Such post-processing for the vortex breakdown identification is quite time consuming. Poor processing can not extract valuable information about the vortex breakdown from the numerical solutions. Therefore, the following two techniques are introduced here to readily detect the onset of the tip leakage vortex breakdown.
• Semi-analytic method for determining the vortex core • Normalized helicity A semi-analytic method of Sawada (1995) very similar to the critical-point theory (Perr y and Chong, 1987) is introduced as an intel ligent method for determining the vortex core. In the Sawada's method, assuming that a local velocity field can be linearly parame trized in a tetrahedral cell, streamline equations become integrable analytically for the cell and as a result the obtained streamline expres sion provides a possible vortex center line in the cell. In the present study the computational cell crossed by the vortex center line is defined as a fraction of the "vortex core". The three-di mensional loca tion of the whole vortex core region can be readily determined by a collection of the computational cells defined as the fractions of the vortex core. The determinati on of the vortex core makes the identifica tion of the vortex breakdown much easier and more reliable, as will be shown in numerical results.
In order to quantitatively investigate the nature of the tip leakage vortex, a normalized helicity similar to that used by Levy et al. (1990) is introduced. The nonnalized helicity used in the present study is the same as that found in the previous paper (Furukawa et al., 1997) which is defined as
where � and w denote vectors of the "absolute" vorticity and the "relative" flow velocity, respectively. Note that the normalized helicity is not defined by the "relative vorticity", but by the "absolute vortic ity", considering that secondary flow fields in the rotor are dominated by the component of "absolute vorticity" along the "relative flow" direction. The nonnalized helicity is the cosine of the angle between the absolute vorticity and relative velocity vectors. This means that the magnitude of the normalized helicity tends to unity in the vortex core, and that its sign indicates the direction of swirl of the vortex relative to the streamwise velocity component In contrast to the streamwise vor ticity, the normalized helicity allows us to quantitatively examine the nature of the vortex regardless of the decay of vorticity in the stream wise direction. Distributions of the normalized helicity along the vor tex core are very useful in finding out changes in the nature of the tip leakage vortex caused by the breakdown.
RESULTS AND DISCUSSION
Tip Leakage Vortex Without Breakdown
For the test compressor rotor the breakdown of the tip leakage vortex is not observed in the range of flow rate from the design operat ing point ( ip = 0.5) to the peak pressure rise operating point ( ip = 0.38). The distinctive behavior of the tip leakage vortex without breakdown is presented here.
A tip leakage flow field at the design flow rate ( ip = 0.5) is shown in Fig. 7 which is a perspective view from the casing side. In this fi g ure vortex cores identified by the abovementioned semi-analytic method are colored with the normalized helicity defined by Eq. (1).
Red on the vortex cores corresponds to the normalized helicity of LO, green that of zero, and blue that of -LO. Black lines in the right pas sage denote a distribution of the casing wall pressure, while black lines in the left passage denote tip leakage streamlines. A distinct pressure trough on the casing wall is clearly seen from the blade suction side near the minimum pressure region to the rotor exit. Its behavior agrees well with the experimental result shown in Fig. 3(a) . The tip leakage vortex core identified is located along the pressure trough and has the normalized helicity of about unity. The positive high value of the nor malized helicity means that the tip leakage vortex is tightly rolled up. The rolling-up of the leakage vortex is also observed as a spiraling of the leakage streamlines around the vortex core shown in the left pas sage. This behavior of the leakage vortex corresponds well to the experimental result of the secondary flow fi eld downstream of the rotor ( Fig. l(a) ). Physical explanation of this flow field has been presented by Inoue et al. ( l 99S) who have analyzed the numerical solution in fur ther detail.
Distributions of a streamwise absolute vorticity and a total pres sure loss for the design flow rate are shown in Figs. 8 and 9 where color contours of the distributions are represented on four crossflow planes nearly perpendicular to the tip leakage vortex core, as shown by planes I, II, ID and IV. In the figures black lines are the same leakage streamlines as those shown in Fig. 7 . The streamwise absolute vortic ity is defined by the component of absolute vorticity along the relative flow direction and is normalized by twice the angular velocity magni tude of the rotor. The total pressure loss is defined and normalized as
where r is the radius from the axis of rotation, Ce is the absolute tan gential velocity component, P is the total pressure, p is the density, Ut is the blade tip speed, and subscript of 1 denotes the rotor inlet. Only the region with the total pressure loss above 0.2 is shown in Fig.  9 . Although the streamwise absolute vorticity in the tip leakage vortex 6 decays gradually in the streamwise direction, the region with concen trated vorticity corresponding to the vortex core can be clearly observed even at plane IV. In Fig. 9 it is seen that high loss fluid accu mulates around the leakage vortex core. The high loss region corre sponds to the low-energy fluid accumulation observed near the casing in the experimental result of Fig. 2(a) . Its size grows larger gradually in the streamwise direction. It is found from Figs. 7, 8 and 9 that the nature of the tip leakage vortex has no abrupt change in the streamwise direction. Figure 10 shows limiting streamlines on the blade suction sur face for the design flow rate. A secondary flow toward the casing is observed near the hub. This flow near the hub is caused by a second ary flow toward the suction surface in the hub wall boundary layer. Near the blade tip an outward radial flow is slightly noticeable. How ever, there is no considerable effect of the leakage flow on the suction surface boundary layer.
A perspective view of the tip leakage flow field at the peak pres sure rise operating condition ( tP = 0.38) is shown in Fig. 11 . The for mation of the tip leakage vortex starts from a nearer location to the leading edge than the design operating condition shown in Fig. 7 . The casing wall pressure trough is deeper near the leading edge than the design operating condition, while it becomes shallower at the aft part of the blade passage. The tip leakage vortex core with the normalized helicity of nearly unity is observed along the pressure trough even at the aft part of the passage. This implies that the leakage vortex remains rolling up there. According to the behavior of the leakage streamlines shown in the left passage, it appears that the leakage vortex expands gradually in the streamwise direction. In the same manner as the design operating condition shown in Fig. 7 , however, any abrupt change in the nature of the vortex is not observed. Figure 12 shows limiting streamlines on the suction surface for the peak pressure rise operating condition ( ip = 0.38). Although the secondary flow toward the casing becomes stronger on the hub side, there is no abrupt change in the behavior of the suction surface bound ary layer near the tip. The onset of flow separation is not observed on the suction surface.
Onset of Leakage Vortex Breakdown
As just mentioned in the previous section, the tip leakage vortex has no significant change in its nature at any flow rate not lower than the peak pressure rise operating condition; on the other hand substan tial change in the nature appears at a lower flow rate. Figure 13 shows a leakage flow field at a flow rate of ip = 0.37 slightly lower than the peak pressure rise operating condition ( tP = 0.38). At the fore part of the rotor passage the distinctive behavior of the tip leakage vortex can be readily seen, that is, a leakage vortex core with the normalized helicity of about unity traces a casing pressure trough in the same manner as the design and peak pressure rise operat ing conditions ( Figs. 7 and 11 ) . Near the middle of the passage, how ever, the pressure trough decays abruptly in the streamwise direction, disappearing at the aft part of the passage. The pressure distribution on the casing wall is closely related to the behavior of the leakage vor tex. The normalized helicity on the leakage vortex core changes dras tically near the middle of the passage: as the casing pressure trough decays, the normalized helicity changes rapidly from about unity to about minus unity. This means a drastic change in the nature of the vortex, considering that the normalized helicity corresponds to the Fig. 15 Flow topology of vortex breakdown 0.37) is found to be substantially different from that for the design and peak pressure rise operating conditions. A detailed view of the recirculation region for 4> = 0.37 is shown in Fig. 14. A streamline close to the leakage vortex center is colored with the relative velocity magnitude normalized by the blade tip speed.
A recirculating How in the leakage vortex core is sh. own by a white Fig. 17 Total pressure loss distributions on crossflow planes perpendicular to tip leakage vortex and leak age streamlines (black lines) for cp = 0.37 streamline, whereas a leakage fiow outside the recirculation region is shown by black streamlines. It is clearly seen that the recirculation region has a bubble-like structure. The relative velocity along the streamline close to the vortex center decreases rapidly in the streamwise direction. It is evident that the deceleration of the vortex core tlow followed by the recirculation region causes an expansion of the vortex. Just in front of the recirculation region, the flow near the vortex center is decelerated almost to stagnation, and the streamline close to the vortex center abruptly kin.ks. This flow behavior implies the existence of a stagnation point forming a three-dimensional focus in front of tbe recirculation region, as shown in Fig. 15 . The existence of the stagnation point in the vortex core is the distinctive feature of vortex breakdown (Leibovich, 1978; Delery, 1994) . Therefore, it can safely be said that there is the onset of "vortex breakdown" in the tip leakage flow field for I/> � 0.37. In the present case a "bubble-type" breakdown seems to occur at the middle of the passage. spiraling of the leakage streamlines (black lines). However, as the leakage vortex expands owing to the deceleration of the vortex core flow upstream of the recirculation region, the streamwise absolute vorticity in the vortex core decreases rapidly as shown at plane Il. Then, the leakage vortex structure changes drastically at plane Ill located in the.breakdown region: the vortex core with concentrated vorticity disappears, and a region with slightly negative value of the streamwise vorticity appears in the leakage flow field. The concen trated high vorticity is not observed even at plane IV downstream of the recirculation region. The disappearance of the vortex core with the concentrated high vorticity corresponds to the disappearance of the casing pressure trough shown in Fig. 13 . This structure of the leakage vortex with breakdown is substantially diff erent from that for the design operating condition shown in Fig. 8 . Compared with the total pressure loss distribution for the design operating condition shown in Fig. 9, Fig. 17 indicates that the loss level is higher in the leakage vor tex with breakdown, and that an extremely large spread of the high loss region takes place. Obviously, this behavior is closely related to the occurrence of vortex breakdown. Needless to say, the large spread of the high Joss region due to the vortex breakdown means a sudden growth of the casing wall boundary layer having a large blockage effect.
Numerous investigations of the vortex breakdown during the last four decades show that two types of breakdown exist: the bubble and spiral types. In this study, however, the bubble-type breakdown is observed in the tip leakage vortex. The bubble-like structure captured by the present simulation, as shown in Fig. 14, should be interpreted as a time-meanlike structure, because the simulation does not have enough grid resolution to capture flow unsteadiness. Although it is well known that instantaneous flow structure in vortex breakdown is highly fluctuating, time-mean measurements of the breakdown always reveal the bubble-like structure (Delery, 1994) . Therefore, the results in the present simulation are correct in the sense of time-mean.
Growth of Leakage Vortex Breakdown Near Stall
The breakdown of the tip leakage vortex is likely to have a sig nificant effect on the onset of stall, considering that the breakdown with the recirculation region has a large blockage effect. It is impor tant to investigate how the leakage vortex breakdown grows as the flow rate is decreased.
A tip leakage flow field for a lower flow rate of¢ = 0.36 than the breakdown onset condition is shown in Fig. 18 . In the left passage in the figure, white lines denote streamlines passing through a recircula tion region caused by the breakdown, while black ones denote leakage streamlines outside the recirculation region. The distribution of the casing wall pressure shown by black lines at the right passage corre sponds well to the experimental result in Fig. 3(b) . From the stream lines it is observed that a bubble-type breakdown occurs in the leakage vortex and has a large recirculation region. The recirculation region is open on the downstream side, through which the white streamlines enter and exit. Compared with Fig. 13 , it is found that the bubble-like recirculation region grows rapidly in the streamwise and pitchwise directions as the flow rate is decreased. This growth of the vortex breakdown region not only causes a large blockage effect but seems to bring about the highly fluctuating pressure field which is observed across the passage near the leading edge for the near-stall operating condition shown in Fig. 4(b) . In the recirculation region the leakage 9 vortex core has a large kink. The normalized helicity distribution on the vortex core corresponds well to the significant change in the nature of the vortex: the normalized helicity is about unity upstream of the breakdown region, changes rapidly to about minus one in the recircu lation region and becomes about unity again in the downstream. It should be noted that portions of the vortex core with the normalized helicity of zero (green) correspond to the front and rear ends of the recirculation region. A portion of the vortex core with the negative normalized heliei,o/ can· be regarded as a vortex core region with reverse flow. Near this reverse flow region the casing pressure trough disappears. The disappearance of the casing pressure trough is observed in the experimental result for the same rotor at a near-stall operating condition, as shown in Fig. 3(b) . In the downstream of the reverse flow region, the normalized helicity is about unity, and a very shallow trough of the casing pressure is observed again along the vor tex core. These facts mean that there is a weak rolling-up of the vortex which can be also observed as a spiraling of the streamlines around the vortex core in the downstream of the breakdown region. The blockage effect caused by the leakage vortex breakdown seems to be decreasing downstream of the breakdown region. Figures 19 and 20 show distributions of the streamwise absolute vorticity and the total pressure loss for¢= 0.36. In Fig. 19 the distinc tive structure of the tip leakage vortex with concentrated high vorticity is not observed at planes n and IIl located in the vortex breakdown region. At plane IV located downstream of the breakdown region, however, a vortex core region with positive low vorticity exists near the casing. This concentrated low vorticity corresponds to the weak rolling-up of the vortex downstream of the breakdown region. Figure  20 indicates that the high loss region related to the leakage vortex becomes larger in the spanwise and pitchwise directions as compared with that for the operating condition of t/J = 0.37 shown in Fig. 17 .
This large growth of the high loss region corresponds to the large spread of the low-energy fluid which is observed near the casing in the experimental result of Fig. 2(b) measured just downstream of the rotor. Figure 21 shows secondary flow vectors viewed from the upstream on the crossflow planes for t/J = 0.36. Only a half span region from the casing is presented in the figure. The crossflow planes are nearly perpendicular to the leakage vortex core and are the same as those in Figs. 19 and 20 . The secondary flow is defined by a velocity component perpendicular to a local flow direction determined from a Navier-Stokes flow simulation with no tip clearance at the design oper ating condition. Distributions of a relative velocity component along the local direction of the leakage vortex core are also shown by con tour lines in Fig. 21 . This velocity component is normalized by the blade tip speed and is referred to as "vortexwise velocity" in the fol lowing. Broken line contours denote positive values of the vortex wise velocity, while solid ones denote negative values corresponding to a reverse flow along the vortex core. A flow radiating out from the leak age vortex core dominates the secondary flow field at planes I and Il. This secondary flow results from the blockage effect due to the expan sion of the leakage vortex which is caused by the deceleration of the vortex core flow upstream of the breakdown. It is found that the large blockage effect appears even at plane I located near the rotor inlet. This means that the expansion of the leakage vortex takes place even in the far upstream of the breakdown region. At plane ll, an inward radial flow induced by the blockage becomes larger, and a small reverse flow region with negative vortexwise velocity appears in the 
Effects of Leakage Vortex Breakclown on Characteristic of Rotor earron nance
In the previous sections the onset of tip leakage vortex break down and its growth with a decrease in the fl ow rate have been investi gated in terms of the three -dimensional, internal flow fi eld. We will show a major role of the vortex breakdown in characteri stic of rotor performance at near-stall conditions. Total pressure rise characteristics of the test compressor rotor are shown in Fig. 26 . The total pressure rise is normalized by the dynamic pressure corresponding to the rotor tip speed , and the flow coeffi cient is the mean axial velocity divided by the rotor tip speed. Square sym bols denote results of the Navier-Stokes flow simulations for the rotor with the blade tip clearance, whereas circular symbols for no tip clear ance. A performance characteristic of the compressor "stage" includ ing a stator is also shown by a broken line in the figure. The stage performance has bee n obtained by the experiment of Inoue et al. ( 1986) . It should be noted that the rotor with no tip clearance has a lin ear characteristic and no stall onset within the range of flow rate con sidered in the present study. For the rotor with the tip clearance, the breakdown of the tip leakage vortex is not observed at any flow rate not lower than the peak pressure rise operating condition ( ' = 0.38); on the other hand it occurs in the rotor at a lower flow rate than ' = 0.38. The onset of bubble-type breakdown is observed at q, = 0.37 where the total pressure rise starts to decrease. As the flow rate is decreased, the breakdown grows rapidly in the streamwise, spanwise and pitchwise directions, the pressure rise falling further. Even at q, = 0.36, however, any flow separation is not observed on the blade suction surface. If the flow rate is decreased further to q, = 0.35, the massive Downloaded from https://asmedigitalcollection.asme.org/GT/proceedings-pdf/GT1998/78620/V001T01A054/2410463/v001t01a054-98-gt-239.pdf by guest on 04 November 2019 � l 0. 12 �-----------------� -1/J=0.36 -1/J=0.37 0. 10 ------l/J=0.38 -a-l/J=0.39 ---l/J=0.40 0.08
Streamwlse distributions of total pressure loss breakdown occupying the rotor passage interacts with the suction sur face boundary layer, thus leading to the three-dimensional separation on the suction surface. As a result, the total pressure rise decreases drastically at l/J = 0.35. It is found that the characteristic of the rotor performance near stall and the onset of separation on the blade suction surface are dominated by the leakage vortex breakdown. Figure 27 shows streamwise distributions of the axial displace ment thickness of the casing wall boundary layer which is evaluated by the tangentially averaged flow. The displacement thickness increases with a decrease in the flow rate. This corresponds well to the behavior of the blockage effect due to the tip leakage vortex. Until the flow rate is decreased to the peak pressure rise operating condition ( l/J = 0.38), the displacement thickness increases gradually. Forl/J = 0.37, however, it increases drastically at the aft part of the rotor because of the onset of leakage vortex breakdown at the middle of the passage. At l/J = 0.36 where the bubble-like recirculation region grows significantly in the breakdown, the displacement thickness becomes so larger that it has a maximum value of 16 percent of span in the aft part of the rotor. A decrease in the thickness downstream of the maximum corresponds to the outward radial flow observed in the secondary flow field down stream ofthe breakdown region (Figs. 2l(d) and 22). It should be real ized that the leakage vortex breakdown brings about the extremely large blockage even if it does not give rise to flow separation on the blade. An increase in the displacement thickness upstream of the lead ing edge indicates that the blockage due to the leakage vortex brings a considerable effect to the upstream boundary layer. Figure 28 shows streamwise distributions of a total pressure loss which is evaluated by mass-averaging the total pressure loss defined by Eq. (2) on each crossflow computational surface. As the leakage vor tex breakdown grows at lower flow rate than the peak pressure rise condition ( l/J = 0.38), the rate of increase in the loss becomes higher. It is obvious that this higher loss production rate results from the loss production due to the vortex breakdown as shown in Figs. 17 and 20 .
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CONCLUSIONS
The breakdown of the tip leakage vortex has bee n investigated on the low-spee d axial compressor rotor with moderate blade loading. The tip leakage flow fields in the rotor have been simulated by the compressible Navier-Stokes flow solver based on the high-resolution upwind scheme using the TVD formulation. The onset of breakdown has bee n identified by examining the distribution of the normalized helicity along the leakage vortex core determined semi-analytically. As a result of this investigation, the following conclusions can be drawn:
(1) The tip leakage vortex has no significant change in its nature at any flow rate not lower than the peak pressure rise operating condi tion. On the other hand drastic changes appear in the vortex at the lower flow rate. The rapid deceleration of the vortex core flow fol lowed by a bubble-like recirculation region is observed. The distinc tive features indicating the existence of the stagnation point appear just in front of the recirculation region: the flow is decelerated almost to stagnation, and a streamline close to the vortex center abruptly kinks. These features are evidence of the fact that there is the onset of break down in the tip leakage vortex.
(2) At a lower flow rate than the peak pressure rise operating condition, the bubble-type breakdown is observed in the tip leakage vortex inside the rotor. The occurrence of the breakdown causes the significant changes in the nature of the vortex. The deceleration of the vortex core flow followed by the recirculation region give rise to the large expansion of the vortex, leading to the large spread of the high loss region related to the vortex. The concentration of the high streamwise vorticity around the vortex core disappears in the break down region. As a result, the pressure trough disappears on the casing wall close to the breakdown region.
(3) The expansion of the tip leakage vortex due to the break down has the extremely large blockage effect The blockage effect extends to the casing wall boundary layer upstream of the blade lead ing edge. The blockage causes the inward radial flow which domi nates the secondary flow field upstream of the breakdown region. Meanwhile, downstream of the breakdown region where the bubble like recirculation disappears, the blockage decreases gradually in the streamwise direction. This decrease in the blockage brings about the outward radial flow dominating the whole leakage flow field down stream of the rotor.
(4) Downstream of the breakdown region there is the weak roll ing-up of the tip leakage vortex having the low streamwise vorticity. Since it decays in the streamwise direction by the diffusion process, the rolling-up of the vortex is not observed in the secondary flow field downstream of the rotor.
(5) It is realized that the effects of the leakage vortex break down find their expression in the features of experimental results which have never been explicable for a near-stall operating condition: no rolling-up of the leakage vortex downstream of the rotor, the out ward radial flow in the leakage flow field downstream of the rotor , the exceedingly large spread of the low-energy fluid in the leakage flow downstream of the rotor, and disappearance of the casing wall pressure trough at the aft part of the rotor passage.
(6) The vortex breakdown plays a major role in the characteris tic of the rotor performance at near-stall conditions. As the flow rate is decreased from the peak pressure rise operating condition, the break-down region grows rapidly in the streamwise, spanwise and pitchwise directions. The growth of the breakdown region causes the drastic rises in the blockage and the loss even if it does not cause the blade boundary layer to separate. If the flow rate is decreased further, the massive breakdown occupying the passage interacts with the suction surface boundary layer. This interaction gives rise to the three-dimen sional separation of the open type on the suction surface which is sub stantially different from the two-dimensional blade stall. As a result, the total pressure rise across the rotor drops suddenly.
